The electrical resistivity and the Seebeck coefficients of M&O,, in the temperature range 1 IOO-1700 K, have been measured under oxygen partial pressures of 1-10e6 atm. The resistivity is thermally activated with an activation energy of 1.3 eV for the tetragonal (low-temperature) phase and 0.65 eV for the cubic (high-temperature) phase. The thermoelectric power shows p-type behavior with an activation energy of 1.1 eV for the tetragonal phase and 0.3 eV for the cubic phase. The data can be explained satisfactorily in terms of small-polaron hopping.
Introduction
Though there exists extensive literature on electrical transport properties of transition metal oxides, relatively little is known about Mn,O,. Also, among the various types of manganese oxides, Mn,O, has drawn the least attention as far as transport properties are concerned. The purpose of our present investigation is to obtain more insight into these properties.
In nature Mn,O, occurs as the mineral hausmannite. This is a tetragonally deformed spinel, space group D:!, with c/a = 1.16 (I). Above a critical temperature T, the hausmannite, or (Y phase, undergoes a first-order phase transition to the 0 phase with cubic spine1 structure. From high-temperature X-ray ditTractometry it is deduced that T, = 1433 K (2). As indicated in Fig. 1 , the Mn304 phase is stable in air only in the range 1153-1840 K (3). According to Schmahl and Hermings (4) the temperature of 1840 K is the eutectic temperature of the system Mn,O,-MnO. Below Measurements of the electrical resistivity have been reported by Romeijn (6) and by Logothetis and Park (7). Romeijn found a discontinuity in the resistivity in the temperature region 1350-1425 K, with a marked thermal hysteresis. According to this author the resistivity is an exponential function of temperature with an activation energy of 1.3 eV for the tetragonal phase and 0.75 for the cubic phase. contaminated with a surface layer of Mn,O,.
The cation valencies in Mn,O, have been the subject of several discussions. Some authors assume the formula Mn2+ [Mn2+Mn4+]0, , where the ions between square brackets are on the octahedral sites of the spine1 lattice (10, I I). However, much more evidence has been presented in favor of the formula Mr?+[Mng+]O,; evidence which was mainly based on measurements of resistivity in solid solutions of manganese spinels (12), X-ray diffraction (13, 14) and magnetic properties (15). As a result of a comparison between experimental data and theoretical considerations Goodenough and Loeb (16) also concluded in favor of the latter formula.
In this paper we will discuss measurements of the electrical resistivity and thermoelectric power of Mn30, in the temperature range 1100-1700 K, at different oxygen partial pressures. In Section 2 the experimental method will be discussed; in Section 3 the results of measurements of the electrical resistivity and the thermoelectric power of Mn304 will be presented. Subsequently an analysis of these results wilI be given in Section 4.
Experimental Method
Manganese oxide was obtained by decomposition of high-purity MnC03 *x aq. (Merck). After quenching to room temperature the powder was ball-milled. Pellets were sintered at 1620 K for 16 hr. The density of the samples was 97%, with a grain size of 14 pm (mean intercept length). Spectrochemical analysis of the sintered samples showed the following impurity levels (in weight ppm): 50 Mg, 8 Cu, 50 Fe, 80 Al, 50-100 Si. The electrical measurements were performed on sintered samples with dimensions 8 x 4 x 1 mm. To obtain samples with higher purity, sintered bars were zone melted with the aid of an arcimage furnace (17). In an attempt to produce single crystals from the sintered bar a (110) seed crystal was used. Due to the transition from the high-temperature cubic phase to the tetragonal phase, however, multiply twinned crystals were obtained. The impurity leveis (in weight ppm) were: 7 Mg, 4 Cu, 40 Fe, 4 Si. Electrical measurements were performed on crystals with a length of 7 mm and a diameter of 5 mm o. Four-probe techniques were employed to measure the dc conductance; a strictly ohmic behavior was observed. It was verified that ac measurements gave identical results. Pt voltage and current leads were fixed to the sample with the aid of platinum paste (Emetron). Pt 10% Rh-Pt thermocouples were used both for measurements of the sample temperature and of the thermoelectric power. For the latter purpose a gradient up to 20 K could be applied over the length of the sample. At a given sample temperature the thermoelectric voltage AV was measured as a function of AT and the Seebeck coefficient was obtained from the slope of the AV versus AT plot. The values were corrected for the absolute thermopower of platinum (18). After prolonged heating, e.g., 4 weeks at 1620 K, islands of about 40 pm of Pt were observed in the region adjacent to the contacts. No influence on the conductance could be observed, however. The partial oxygen pressure around the sample was varied between 1 and 10e6 atm using O,-Ar mixtures with a controlled flow. The partial oxygen pressure was measured both at the inlet and outlet of the measuring cell with the aid of stabilized zirconia oxygen gauges. Details of the measuring cell have been published earlier ( 19).
Experimental Results
For a number of both sintered and meltgrown samples the resistance and Seebeck coefficients were measured over a range of temperatures. Figure 2 gives an example for a smtered sample at PoZ = 1 atm. Figure  2a esis of about 25 K is observed. The activation energy of the p phase is about 0.65 eV. The arrow at T = 1250 K indicates the limit of the stability region of Mn304 at 1 atm. As has been observed earlier (7) the phase transition Mn,O, + Mn,O, is very slow in this temperature region and no discontinuity in the resistance is observed even after 2 hr. Data in the form of the reduced Seebeck coefficient ae/k are shown in Fig. 2b as a function of temperature. In all cases studied here, only p-type behavior has been found. The activation energy calculated from this plot is about 1.2 eV for the (Y phase and 0.3 eV for the p phase.
The difference in activation energies between the resistivity and the Seebeck coefficients suggests that the charge transport is due to a thermally activated process, as has been observed for most compounds with the spine1 structure. sample at PO, = 1 atm. Lower oxygen pressures were used to enable measurements of the (Y phase over a larger temperature range. Figure 4 shows data for a meltgrown sample at PO2 = 2.5 X 10T4 atm, while Fig. 5 shows the results obtained for a sintered sample under the same conditions. Figure 6 shows the dependence of the resistivity at a given temperature as a function of the oxygen partial pressure. The arrows indicate the phase boundary Mn,04-MnO at each temperature. It can be seen that the pressure dependence of the resistivity is weak, except close to the phase boundary where the resistivity increases more strongly. Table I summarizes relevant data from Figs. 2-6. Both the activation energies and the intercepts at T-l = 0 of the plots of In (p/Z') and ae/k vs T-l are given.
Discussion
All samples show extrinsic, p-type behavior. In this case we have
where p is the concentration of positive charge carriers, e is the absolute value of the electronic charge, and p is the drift mobility. The Seebeck coefficient a! can be expressed as: a = k/e [A + ~~W,/p)l, (2) where N, is the effective density of states in the valence band and A is a constant depending on the dominant scattering mechanism. The ratio NV/p is determined by the position of the Fermi level (&) with respect to the top of the valence band: p = N, exp(-E,/kT). For a small-polaron semiconductor the mobility can be written as (4) where d is the jump distance and v,, is the optical phonon frequency. From these equations it follows that ln(p/T) = -ln(N,e2d2v0/k) + (EF + E,)IkT,
ae/k = A + (E,/kT).
The activation energy of the mobility (E,) as determined from the slopes of the ln(p/T) and ae/k vs T-l plots are given in Table II . Due to the limited temperature range the accuracy in the activation energy is only about 0.05 eV for the resitivity curves and about 0.1 eV for the plots of the Seebeck coefficients. From Table II it is seen that E, -0.33 eV for the tetragonal phase and 0.5 eV for the cubic phase. The position of the Fermi level of this partially compensated semiconductor is approximated by: EF = EA + kT lnkN,I(N, -Ndl, (7) where E, is the position of the acceptor level with respect to the top of the valence band, ND is the donor concentration, N, the acceptor concentration, and g a degeneracy factor (20). The constant A is connected with the kinetic electron energy. If the conduction takes place via a broad band, the value ofA (5) and (6) can be written as
where This means that the activation energy of the Seebeck coefficient is equal to E,.
The intercept of the ae/k vs T-1 plot at T-l = 0 K-l gives the compensation degree C. The resulting data are shown in Table II . Since we have to extrapolate over a large temperature range, the values have a high uncertainty, e.g., in the worst case we estimate that the value of C given in the first line lies between 120 and 900, in the second line between 450 and 3000. However, the ratio N,/N, is clearly larger for the sintered sample. Since the impurity content does not change at the phase transition, the change of C from 1200 in the tetragonal phase to 2 in the cubic phase, is unexpectedly large. This is due either to the uncertainty of the extrapolation, or to a change in the concentration of native defects at the transition temperature.
As has been indicated in the introduction, it is generally assumed that Mn,04 should be written as MrP+ [Mt@] O,. Values of N, and d may then be estimated on the supposition that the hopping process involves electron exchange between Mn ions on adjacent octahedral sites in the spine1 lattice. With a lattice parameter a = 8.6 A, we find d = +u2112 = 3.0 A. For a smallpolaron semiconductor the density of states, N,, equals twice the concentration of cations available as a site for the small polaron. This gives N, = 32/u3 = 5 x 1O22 cmP3. With the aid of these data we obtain the jump frequency v. as shown in Table II . For the (Y phase we find v. = 2 x IOX sect' , which is in the frequency range expected for optical phonons. The value of v. for the p phase is evidently too high. Table II also shows the mobility values calculated for T = 1200 K; for the (Y phase p -L 0.006 cm2/V . sec. In view of the uncertainty in the data, especially for the p phase, it should not be concluded that the mobility in the /3 phase extrapolated to 1200 K is a factor of 2 higher than in the (Y phase.
Let us next consider the changes at the phase transition. At the transition temperature the two phases are in equilibrium with each other; i.e., the Fermi level lies at the same energy. From the measured Seebeck coefficient we calculate EF(T) = eaT. At the phase transition temperature T, = 1428 K (T;' = 7 x 1O-4 K-l) we find eaT, = 0.37 eV for the a! phase and 0.24 eV for the /3 phase. This means that the phase transition is accompanied by a shift of 0.13 eV of the top of the valence band with respect to the Fermi level.
Finally, a few words should be said about the role of the impurities. The foreign ions found to be present are Cu, Mg, Fe, Al, and Si. From the literature on manganates we conclude that iron and aluminum are present as trivalent ions on octahedral sites (21). As such these ions will scarcely influence the resistivity. Silicon is tetravalent and will be a donor irrespective of the site. Copper can be present as Cu+ on tetrahedral sites (21) or as Cu2+ on octahedral sites (12). In both cases it will act as acceptor. According to Driessens (2 1) magnesium is mainly on tetrahedral sites at low temperatures. However, above 1100 K the amount of Mg2+ on octahedral sites increases very rapidly. Such a change in the degree of inversion results in a change in the acceptor concentration.
In the melt-grown sample we find 1.0 x 1018 cme3 for the sum of the copper and magnesium concentrations, and (23) give 1.40 at 670 K. Since Mn30, consists essentially of an fee oxygen lattice, the defects are probably manganese vacancies. Schmahl and Hennings (4) have investigated the compositions at the phase boundary with MnO. Above 1570 K, i.e., in the p-Mn,,O, phase, the solubility of MnO in Mn30, increases with increasing temperature. The ratio O/Mn decreases from 1.32 at 1655 K to 1.30 at 1700 K and 1.26 at 1800 K under the equilibrium oxygen pressure (cf. Fig. 1 ). Our own measurements indicate that the degree of compensation changes when going from the tetragonal to the cubic phase. This is confirmed by Romeijn's data (6): his extrapolated In p. values indicate an increase in p. by a factor of 80, while our data result in a factor of 50. Since the concentration of foreign ions does not change, we conclude that the number of native point defects does change indeed at the phase transition.
Apart from the change due to a structural transformation, there is also a change as a function of temperature and oxygen partial pressure. As shown in Fig. 6 the resistivity at constant temperature is nearly constant in the region P, = 1 atm up to the limit of the stability region of Mn30, (indicated by arrows in Fig. 6 ). From this we deduce that the resistivity is dominated by impurity ions.
